Hormone release from nerve terminals in the neurohypophysis Is a sensitive function of action potential frequency. We have investigated the cellular mechanisms responsible for this frequency-dependent facilitation by combining patch clamp and fluorimetric Ca2+ measurements in single neurosecretory terminals in thin slices of the rat posterior pituitary. In these terminals both action potential-induced changes in the intracellular Ca2+ concentration ([Ca2+] Little is known about the mechanisms that regulate secretion from nerve terminals, despite the importance of these mechanisms to many physiological processes. For example, a presynaptic site has been proposed as an important locus for change in several forms of use-dependent synaptic plasticity, including facilitation and posttetanic potentiation at neuromuscular synapses (1) and long-term potentiation in the mammalian hippocampus (2, 3). However, in these and most other systems one can do little more than infer that some presynaptic change occurs, because technical difficulties preclude a direct physiological characterization of the nerve terminals. Although a direct physiological characterization is possible in some invertebrate systems (4, 5), until recently there was no comparable vertebrate system for the study of presynaptic physiology.
pituitary. In these terminals both action potential-induced changes in the intracellular Ca2+ concentration ([Ca2+]J) and action potential duration were enhanced by high-frequency stimuli, all with a frequency dependence similar to that of hormone release. Furthermore, brief voltage clamp pulses inactivated a K+ current with a very similar frequency dependence. These results support a model for frequency-dependent facilitation in which the inactivation of a K+ current broadens action potentials, leading to an enhancement of [Ca2+] J signals. gests that a second process, distinct from action potential broadening, also contributes to facilitation. These two frequency-dependent mechanisms may also contribute to activitydependent plasticity in synaptic terminals.
Little is known about the mechanisms that regulate secretion from nerve terminals, despite the importance of these mechanisms to many physiological processes. For example, a presynaptic site has been proposed as an important locus for change in several forms of use-dependent synaptic plasticity, including facilitation and posttetanic potentiation at neuromuscular synapses (1) and long-term potentiation in the mammalian hippocampus (2, 3) . However, in these and most other systems one can do little more than infer that some presynaptic change occurs, because technical difficulties preclude a direct physiological characterization of the nerve terminals. Although a direct physiological characterization is possible in some invertebrate systems (4, 5) , until recently there was no comparable vertebrate system for the study of presynaptic physiology.
In an effort to bridge this technical gap, some investigators have made electrical and optical recordings from the nerve terminals of the vertebrate neurohypophysis (6) (7) (8) (9) (10) (11) (12) . These terminals release the neuropeptides vasopressin and oxytocin and have received much attention as a model system for the study of secretion (6) (7) (8) (9) (10) (11) (12) . Peptide secretion from these terminals also exhibits a striking form of use-dependent plasticity: secretion is a sensitive function of action potential frequency (11, (13) (14) (15) (16) (17) . This frequency dependence is essential to the input-output properties of the hypothalamichypophyseal axis (18) and has been proposed to be due to frequency-dependent modulation of action potential duration (10, 11, 13, 14, (19) (20) (21) (22) (23) (Fig. 1) . These terminals are round in appearance, with diameters ranging from I to 20 gm. The identity of these structures as terminals has been established (S. A. DeRiemer, R. Schneggenburger, M.B.J., and A.K., unpublished results) by the following criteria: (i) absence of nuclei, asjudged by the lack of staining with a nuclear dye; (ii) orthograde transport of dye from hypothalamic neurons; and (iii) axonal stimulation generates action potentials. Furthermore, as shown below, electrical stimulation leads to increases in [Ca2+li in these structures.
The terminals observed on the upper surface of a slice were often exposed and accessible to patch pipettes. An example of such a terminal, filled with the fluorescent dye Lucifer yellow, is shown in Fig. 1 (10, 11, (14) (15) (16) (18) (19) (20) (21) (22) . As reported previously (14, 23) , action potentials of pituitary terminals broadened during high-frequency stimulation (Fig. 3A) . After 't20 action potentials at 10 Hz, the width at half-height reached a F 20 ( Frequency (Hz) maximum that was 37% larger than that of a control action potential. The frequency dependence of these changes in action potential duration (Fig. 3B) was also similar to that observed for [Ca2+]i increases and vasopressin release (Fig.   2B ).
Because K+ currents are critical in determining action potential duration (37) , these currents were examined with the voltage clamp technique to evaluate their role in frequency-dependent changes in action potential duration. Depolarization activated a complex pattern of outward current (Fig.  3C) . On the basis of reversal potential, ion substitution experiments, and block by tetraethylammonium (TEA) and 4-aminopyridine, we concluded that this outward current was carried by K+ (data not shown). Prolonged depolarization partially inactivated the K+ current and allowed this current to be separated into rapidly and slowly inactivating components (Fig. 3C) . These components have different kinetic and pharmacological properties and presumably are generated by different populations of K+ channels (M.B.J. and A.K., unpublished results).
To determine how these K+ currents change during a facilitating stimulus, trains of 30 brief (3-ms duration) pulses were applied at various frequencies. This conditioning regimen selectively reduced the rapidly inactivating component of K+ current (Fig. 3C ). The inactivation induced by these conditioning pulse trains was a sensitive function of pulse frequency (Fig. 3D) , producing a relationship essentially identical to the frequency dependence of action potential duration (Fig. 3B) For this purpose, we used the K+-channel blocker TEA, which is known to increase action potential duration (10) and enhance hormone release (13, 22) in the neurohypophysis.
TEA (2 mM) reduced peak K+ current by 39%o (n = 4) and broadened action potentials by 79% (n = 3). Ca2+ changes were increased by a factor of 6 (n = 2). We have focused our attention on the well-documented frequency-dependent facilitation of release from pituitary nerve terminals (11, (13) (14) (15) (16) (17) (14) . It has also been demonstrated in the hypothalamic cell bodies from which the nerve endings of the posterior pituitary originate (19, 20) . The mechanism of action potential broadening has been especially well studied in molluscan neurons (39) and can be caused by K+-current inactivation. We tested the role of K+-current inactivation in broadening of pituitary action potentials by using trains of brief, spike-like voltage pulses. Such trains inactivated K+ current in a frequency-dependent manner similar to that of action potential broadening. The broadening of action potentials by treatment with 2 mM TEA, which reduces the rapidly inactivating component of K+ current, is additional support for the involvement of this component of the K+ current in action potential repolarization. Thus, reduction of the K+ current by inactivation, which occurs during high-frequency stimulation (Fig. 3) (40) . This delay in Ca2+-current activation has been described in squid terminals (4, 38) and chromaffin cells (41, 42) and may be a general and functionally significant feature of Ca2+ channels that trigger secretion.
In addition to demonstrating a role for action potential broadening in the frequency dependence of secretion from the nerve endings of the neurohypophysis, this study showed that not all of the frequency dependence of Ca2l signaling can be attributed to action potential broadening. When the duration of a stimulus is kept fixed, high frequencies still enhanced [Ca2+], changes to some extent (Fig. SB) (41, 42) , facilitation of capacitance changes in secretosomes from the neurohypophysis has been reported to take place without increases in Ca2+ current (8) . Duration-independent facilitation of Ca2+ signals could also involve the use-dependent generation of another, unknown second messenger.
There are many examples of use-dependent enhancement of neurotransmitter secretion. These include facilitation, posttetanic potentiation, and long-term potentiation. In no instance has an underlying presynaptic mechanism been elucidated. The two mechanisms that we have identified in pituitary nerve terminals could play roles in these other forms of synaptic plasticity. While action potential broadening is not necessary for synaptic facilitation in squid nerve terminals (43, 44) , it may be involved in other forms of usedependent plasticity. A role for action potential broadening in heterosynaptic facilitation is well documented (45, 46) . Likewise, our proposal of temporal summation of [Ca2W]i signals is reminiscent of the residual calcium models for synaptic facilitation (36) and posttetanic potentiation (1) .
